An electrochemical etching technique has been developed that provides continuous control over the porosity of a porous silicon layer as a function of etching depth. Thin films with engineered porosity gradients, and thus a controllable gradient in the index of refraction, have been used to demonstrate broadband antireflection properties on silicon wafer and solar cell substrates. A simulation was also developed to examine the effects of specific porosity profiles on film reflectivity.
12
In past PSi studies, porosity gradients were discussed primarily as artifacts in standard constant current etching, 13 as a characterization tool for spectroscopic ellipsometry studies, 14 and for rugate filter applications. 15 For silicon solar cell applications, one group has formed gradient index of refraction ARCs by gradually changing the porosity of discrete layers in a 20-layer stack. 16 Although excellent broadband reflectivity Ͻ3% in the visible spectrum has been achieved, the overall thickness of these stacks (Ͼ1 m) would considerably degrade the electrical characteristics of a solar cell.
Our approach is focused on the simple and rapid formation of thin (ϳ100 nm) PSi layers with significant refractive index gradients. These films are thin enough to be applied to solar cells with minimal electrical degradation, and offer superior AR characteristics relative to current commercially deposited ARCs.
All films were etched in a ͑1:2͒ HF:ethanol electrolyte in a Teflon™ electrochemical etching cell capable of etching an area of approximately 2.0 cm 2 . In our dynamic etching procedure, a steadily decreasing current density was applied for Ͻ10 s, with current density varying from 100 to 0 mA/cm 2 . Samples etched with parabolic ͓i(t)ϰ(tϪt 0 ) 2 ͔ current functions exhibited the lowest total reflectivity. Polished p ϩ silicon wafers and multicrystalline silicon solar cell substrates with diffused phosphorus emitters were etched for various durations t 0 . The total hemispherical reflectivity of these films was measured using a spectrophotometer with an integrating sphere accessory. Morphology and thickness of the films were determined from scanning electron microscope ͑SEM͒ images. To further investigate the behavior of arbitrary PSi films with graded porosity profiles, a reflectivity simulation was developed and compared with experimental results.
The relatively high reflectivity of a silicon solar cell in the 350-1000 nm spectral range is due to the large refractive index discontinuity that exists at the air-silicon interface ͓Fig. 1͑a͔͒. By placing a single layer ARC of intermediate refractive index on the silicon surface, this large index discontinuity is broken into two smaller steps ͓Fig. 1͑b͔͒, resulting in a lower broadband reflectivity. Very low narrowband reflectivity can also be achieved by exploiting the interference of light reflected from the two interfaces. Further reduction in broadband reflectivity can be achieved by adding additional intermediate index layers, thus breaking the airsilicon index discontinuity into smaller and smaller steps. Therefore, a gradient index ARC is the limit of this progresa͒ Electronic mail: striemer@ece.rochester.edu APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 16 sion, where a single index discontinuity is replaced by a continuous transition from a low to a high index material ͓Fig. 1͑c͔͒. If this continuous index transition occurs over several wavelengths of optical path length, broadband reflectivity approaching zero can be achieved. 8 However, such films would be far too thick for practical solar cell applications.
This present work has focused on PSi layers of ϳ100 nm thickness that would minimally affect the electrical characteristics of a typical industrial solar cell with a 350 nm junction depth. From our simulation, we have determined that for PSi layers of this thickness, the optimal solution combines a refractive index gradient with small discontinuities at both interfaces, as shown in Fig. 1͑d͒ . This design incorporates a smaller magnitude index gradient that can be effective over shorter length scales and small discontinuities that can be optimized to create a region of destructive interference in the center of the broadband solar spectrum. In our dynamic etching procedure, this type of index profile is formed by initially applying a high current density ͑high porosity͒ to the cell and decreasing the current density ͑lower-ing porosity͒ to zero as described above. Figure 2 compares the reflectivity of dynamically etched and homogeneous PSi layers formed on a p ϩ silicon wafer. The graded index sample exhibits substantially lower reflectivity, particularly in the blue portion of the spectrum. For a given thickness, the overall reflectivity of a graded index film will be lower for shorter wavelengths. This is expected because for wavelengths much greater than the film thickness, index gradients behave like abrupt interfaces. The simulated reflectivity of the graded layer shows excellent agreement with the experimental data and is also plotted in Fig. 2 . A nearly linear porosity gradient from 94% to 33% with 100 nm thickness was used in the simulation. SEM cross-sectional images confirmed this thickness. The simulation accounts for absorption and dispersion in silicon over the plotted spectral range.
Previous reports have indicated that a total range of porosity exceeding 40%-75% is not achievable on a single p ϩ silicon substrate of given resistivity with a single electrolyte. 5 Because these studies refer to thicker (Ͼ1 m) homogeneous PSi films, they cannot be directly applied to our work. In thin dynamically etched films, the transition region at each interface significantly affects the porosity profile. Small interface undulations in these regions will extend the effective porosity values at each interface, allowing a greater porosity range to be achieved. This effect can be observed in the SEM image of Fig. 3 , where high porosity fine structure near the film surface and relatively large undulations at the substrate interface extend the porosity range. Our preliminary spectroscopic ellipsometry work also supports these observations. Therefore, we believe that our simulated porosity range of 94% to 33% is reasonable.
Dynamically etched PSi has proved to be even more effective on commercial string ribbon multicrystalline silicon solar cells. These substrates are formed directly as thin wafers from a silicon melt and exhibit some intrinsic surface structure, 17 unlike cut and polished silicon wafers. As shown in Fig. 4 , a 107 nm gradient index PSi AR layer led to an average reflectivity of 3.7% across the terrestrial solar spectrum. This enhanced graded index performance is attributed to the intrinsic surface roughness of the substrate and to the heavily doped diffused phosphorous emitter region. Both of these factors will affect the resulting PSi layer and will be the subject of future investigations. The reflectivity of a standard silicon nitride (Si 3 N 4 ) ARC is also shown for reference, and the improved broadband reflectivity is obvious.
In conclusion, an investigation into the nature of thin film gradient index PSi ARCs has been performed. Although properly designed single film interference coatings offer excellent performance over a narrow spectral range, gradient index films are superior for broadband AR applications, such as solar energy collection. By exploiting the porosity control available through dynamic electrochemical etching of PSi, samples with various index gradients have been fabricated and simulated. Furthermore, these PSi films are ϳ100 nm in thickness, making them compatible with current commercially produced silicon solar cells.
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